Abstract Heat shock proteins (Hsps) are a set of highly conserved proteins involved in cellular repair and protective mechanisms. They counter protein misfolding and aggregation that are characteristic features of neurodegenerative diseases. Hsps act co-operatively in disaggregation/refolding machines that assemble at sites of protein misfolding and aggregation. Members of the DNAJ (Hsp40) family act as "holdases" that detect and bind misfolded proteins, while members of the HSPA (Hsp70) family act as "foldases" that refold proteins to biologically active states. HSPH1 (Hsp105α) is an important additional member of the mammalian disaggregation/refolding machine that acts as a disaggregase to promote the dissociation of aggregated proteins. Components of a disaggregation/refolding machine were targeted to nuclear speckles after thermal stress in differentiated human neuronal SH-SY5Y cells, namely: HSPA1A (Hsp70-1), DNAJB1 (Hsp40-1), DNAJA1 (Hsp40-4), and HSPH1 (Hsp105α). Nuclear speckles are rich in RNA splicing factors, and heat shock disrupts RNA splicing which recovers after stressful stimuli. Interestingly, constitutively expressed HSPA8 (Hsc70) was also targeted to nuclear speckles after heat shock with elements of a disaggregation/refolding machine. Hence, neurons have the potential to rapidly assemble a disaggregation/refolding machine after cellular stress using constitutively expressed Hsc70 without the time lag needed for synthesis of stress-inducible Hsp70. Constitutive Hsc70 is abundant in neurons in the mammalian brain and has been proposed to play a role in pre-protecting neurons from cellular stress.
Introduction
Heat shock proteins (Hsps) are a set of highly conserved proteins involved in cellular repair and protective mechanisms that counter protein misfolding and aggregation that are characteristic features of neurodegenerative diseases (Muchowski and Wacker 2005; Asea and Brown 2008; Paul and Mahanta 2014; Duncan et al. 2015; Smith et al. 2015) . The classical mammalian protein refolding machine is composed of members of the DNAJ (Hsp40) family that act as "holdases" to detect and bind misfolded proteins, while members of the HSPA (Hsp70) family act as "foldases" that refold proteins to biologically active states (Hageman et al. 2011; Rampelt et al. 2012; Mattoo and Goloubinoff 2014; Clerico et al. 2015; Nillegoda and Bukau 2015; Nillegoda et al. 2015) . The Hsp70-40 machine inhibits aggregation of misfolded proteins but cannot dissociate aggregated proteins which accumulate during neurodegenerative diseases and aging (Gao et al. 2015; Nillegoda and Bukau 2015) . Bacteria, fungi, and plants express a well-characterized protein disaggregase (Hsp104 in yeast cells and ClpB in Escherichia coli) that can solubilize aggregated proteins, homologs of which are lacking in mammalian cells (Glover and Lindquist 1998; Weibezahn et al. 2005; Bosl et al. 2006; Tyedmers et al. 2010; Nillegoda and Bukau 2015) . Recent evidence has revealed that a "disaggregase" function is performed by the mammalian HSPH (Hsp110) family in co-operation with the Hsp70-40 machine (Rampelt et al. 2012; Gao et al. 2015; Nillegoda and Bukau 2015; Nillegoda et al. 2015) . This mammalian disaggregation/refolding machine is capable of disassociating amyloid fibrils of α-synuclein in vitro that are associated with Parkinson's disease (Gao et al. 2015) .
Upregulation of Hsps has been suggested as a therapeutic strategy to treat neurodegenerative diseases in which misfolded, aggregation-prone proteins accumulate, disrupt function, and lead to premature death of neuronal cells (Muchowski and Wacker 2005; Asea and Brown 2008; Paul and Mahanta 2014; Smith et al. 2015) . Examples include neurofibrillary tangles and amyloid plaques in Alzheimer's disease (Pei et al. 2008; Seeman and Seeman 2011) , α-synuclein aggregates in Parkinson's disease (Lee 2003) , polyglutamine aggregates in Huntington's disease (Nagai and Popiel 2008) , and SOD1 aggregates in amyotrophic lateral sclerosis (ALS) (Blokhuis et al. 2013; Ogawa and Furukawa 2014) . Upregulating a set of Hsps by activators of heat shock transcription factor 1 (HSF1), the master regulator of Hsp gene induction, is more effective than manipulation of individual Hsps for the treatment of neurodegenerative diseases which have been characterized as protein misfolding disorders (Asea and Brown 2008) .
Recently, we have shown that low-dose co-application of celastrol and arimoclomol to differentiated human neuronal SH-SY5Y cells enhanced the induction of a set of Hsps (Deane and Brown 2016) . Celastrol is an HSF1 activator identified in an NIH-sponsored drug screen in search of potential therapeutic compounds that could suppress a hallmark of neurodegenerative diseases, namely protein aggregation (Abbott 2002; Heemskerk et al. 2002) . Subsequently, celastrol has been shown to be beneficial in a number of animal models of neurodegenerative diseases, including ALS (Kiaei et al. 2005 ), Parkinson's disease (Cleren et al. 2005) , polyglutamine disease (Zhang and Sarge 2007) , and Alzheimer's disease (Paris et al. 2010) . The mechanism of celastrol involves activation of HSF1 monomers to a trimerized form that binds to heat shock elements (HSEs) in the promoter regions of inducible heat shock genes, resulting in their upregulation (Westerheide et al. 2004; Salminen et al. 2010) . Arimoclomol, a co-activator of HSF1 that prolongs the binding of activated HSF1 to the HSE, shows promise in a number of animal models of neurodegenerative diseases (Kalmar et al. 2008; Malik et al. 2013; Parfitt et al. 2014) and is currently in phase IIb/III clinical trials for the treatment of ALS (Genc and Ozdinler 2013) .
We have identified stress-sensitive sites in differentiated human neuronal cells by tracking the intracellular localization of HSPA (Hsp70) family members following exposure to heat shock (Khalouei et al. 2014a, b; Shorbagi and Brown 2016) . In the present report, we explored the intracellular targeting of members of the mammalian disaggregation/refolding machine following thermal stress in differentiated human neuronal cells. Low-dose co-application of celastrol and arimoclomol was employed to induce a set of Hsps in neuronal cells that were subsequently targeted by heat shock to stress-sensitive intracellular sites (Deane and Brown 2016) . Components of a mammalian disaggregation/refolding machine, including HSPA1A (Hsp70-1), DNAJB1 (Hsp40-1), DNAJA1 (Hsp40-4), and HSPH1 (Hsp105α), co-localized following heat shock at nuclear speckles that are rich in RNA splicing factors (Lamond and Spector 2003; Spector and Lamond 2011) . The small heat shock protein, HSPB1 (Hsp27), that has been shown to enhance protein disaggregation (Ehrnsperger et al. 1997; Lee et al. 1997; Mogk et al. 2003; Duennwald et al. 2012) , was also targeted to nuclear speckles following heat shock. These results indicate that components of a protein disaggregation/refolding machine are targeted to nuclear speckles after thermal stress. Heat shock disrupts RNA splicing which must recover following stressful stimuli Lindquist 1986, 1991; Corell and Gross 1992; Marin-Vinader et al. 2006; Biamonti and Caceres 2009) .
Interestingly, a constitutively expressed member of the HSPA family, HSPA8 (Hsc70), was also targeted to nuclear speckles with members of the disaggregation/refolding machine following heat shock. HSPA8 is abundant in neuronal cells in vivo relative to non-neuronal tissues and has been proposed to pre-protect neurons from cellular stress (Manzerra et al. 1997; Chen and Brown 2007) . This novel observation suggests that differentiated human neurons have the capacity to rapidly form a disaggregation/refolding machine employing constitutive HSPA8 to combat misfolded, aggregation-prone neuronal proteins, without the time lag required to synthesize stress-inducible HSPA1A.
Materials and methods

Cell culture and differentiation
Human neuronal SH-SY5Y cells (American Type Culture Collection, Manassas, VA, USA) were maintained in Dulbecco's modified Eagle's medium (DMEM; Wisent, QC, Canada) supplemented with 10 % fetal bovine serum (FBS; Wisent) and cultured at 37°C in a humidified 5 % CO 2 atmosphere. Cells plated at 4.5 × 10 4 cells per square centimeters on glass coverslips placed inside 6-well plates were allowed to settle onto the growth surface and adhere for 24 h. Neuronal differentiation was induced by treatment with 10 μM alltrans-retinoic acid (R2625; Sigma Aldrich, St. Louis, MO, USA) for 72 h under serum free conditions.
Induction of heat shock proteins
Following 72 h of differentiation, media containing all-transretinoic acid was removed and replaced with fresh serum-free DMEM with or without 0.3 μM celastrol plus 50 μM arimoclomol (Deane and Brown 2016) . Celastrol (70950; Cayman Chemical, Ann Arbor, MI, USA) dissolved in DMSO was added directly to the media. Arimoclomol (gift from Professor Michael Cheetham, Institute of Ophthalmology, University College London, UK) was prepared fresh for each experiment by dissolving in an appropriate volume of serumfree DMEM and filtering (0.2 μm pore size). DMSO treatment alone was used as a vehicle control for celastrol. After 12 h incubation to allow Hsp induction, the cells were either fixed for immunofluorescence (no HS) or exposed to heat shock (HS). For heat shock, cells were immersed in a water bath equipped with a thermal immersion circulator calibrated at 43°C (±0.2°C) for 20 min and subsequently fixed for immunofluorescence.
Immunofluorescence
Cells were fixed with 4 % paraformaldehye (PFA) in phosphate-buffered saline (PBS; pH 7.4) for 30 min. The cells were permeabilized with 0.1 % triton X-100 and 100 mM glycine in PBS for 30 min and blocked with 5 % FBS in PBS for 1 h. Primary antibodies were incubated overnight in 1 % FBS in PBS. HSPA1A (SPA-810), HSPA8 (SPA-815), DNAJB1 (SPA-400), and HSPB1 (SPA-803) antibodies were purchased from Enzo Life Sciences (Farmingdale, NY, USA). DNAJA1 [clone KA2A5.6] (ab3089), HSPH1 (ab109624), BAG-1 (ab7976), SC35 (ab11826), and nucleophosmin (ab37659) primary antibodies were purchased from Abcam (Toronto, ON, CA). Primary antibody for the nuclear speckle marker SON (HPA023535) was purchased from Sigma Aldrich. Cells were then washed and incubated with the appropriate combination of Alexafluor® secondary antibodies (Molecular Probes, Life Technologies, Burlington, ON, CA) and counterstained with 300 nM DAPI (Invitrogen, Life Technologies). Fluorescence images were captured using a Quorum Wave FX-X1 spinning disk confocal microscope (Quorum Technologies, Guelph, ON, CA) equipped with a high resolution Humamatsu Orca R2 camera (Humamatsu Photonics, Japan) using a Plan-APO 63×/1.4 NA oil objective. Excitation lasers = 405, 491, 561, and 644 nm. Emission filters (nm/bandpass): 460/50, 525/50, and 593/40.
Fluorescent image analysis
Image processing and analysis was performed using Volocity 3D image analysis software (PerkinElmer, Waltham, MA, USA). ImageJ software (http://imagej.nih. gov/ij/) was used to perform colocalization analysis using TIFF images exported from Volocity. Background subtracted images were used to generate RGB profile plots representing fluorescence signal intensities in a defined linear region using the RGB Profiler plugin. Images representative of three individual experiments are shown in which 25 cells were analyzed in coverslips harvested from each well of 6-well culture plates.
Results
HSPA and DNAJ components of a protein disaggregation/refolding machine co-localized at nuclear speckles following thermal stress in differentiated human neuronal SH-SY5Y cells Differentiated human neuronal SH-SY5Y cells were treated with celastrol and arimoclomol to induce Hsps, including HSPA1A (Hsp70-1) and DNAJB1 (Hsp40-1) (Deane and Brown 2016) . Prior to heat shock, HSPA1A was distributed diffusely in the neuronal cytoplasm (Fig. 1, no HS panels) . Following heat shock (HS), celastrol-and arimoclomol-induced HSPA1A co-localized with nuclear speckles (Fig. 1a, merged panel) identified by the marker protein SON (Sharma et al. 2010; Sytnikova et al. 2011) . ImageJ line scans confirmed co-localization of the HSPA1A and SON fluorescent signals (arrowheads shown in panels on the right). After heat shock, DNAJB1 co-localized with HSPA1A (Fig. 1b) and the nuclear speckle marker SC35 (Fig. 1c) , confirmed by ImageJ line scans (arrowheads). SC35 and SON have been shown to co-localize with each other in differentiated human neuronal SH-SY5Y cells at nuclear speckles (Khalouei et al. 2014a ).
The Hsp40 holdase, DNAJA1, also targeted nuclear speckles following thermal stress
The DNAJ family is a large family of molecular chaperones in mammalian cells and is divided into classes that vary in sequence and structure, but include a characteristic J-domain that mediates interactions with HSPA proteins (Kampinga et al. 2009; Kampinga and Craig 2010) . The mammalian disaggregation/ refolding machine has been reported to more efficiently promote dissociation of protein aggregates in the joint presence of a class A and B member of the DNAJ family . As shown in Fig. 2a , a class A member of the DNAJ family, namely DNAJA1 (Hsp40-4), co-localized after heat shock with DNAJB1 at SON-positive nuclear speckles (Fig. 2b) , confirmed by ImageJ line scans (arrowheads).
The disaggregase HSPH1 (Hsp105α) co-localized with HSPA1A at nuclear speckles after heat shock
The mammalian disaggregase HSPH1 (Hsp105α) that promotes protein disaggregation in vitro as a member of the disaggregation/refolding machine, acts as a nucleotide exchange factor (NEF) for HSPA proteins (Schuermann et al. 2008; Bracher and Verghese 2015a, b; Nillegoda and Bukau 2015) . As shown in the merged panels of Fig. 3 , and confirmed by ImageJ line scans, HSPH1 co-localized at nuclear speckles with HSPA1A (Fig. 3a, arrowheads) and SC35 (Fig. 3b, arrowheads) after thermal stress. An alternative Hsp70 NEF that does not participate in the disaggregation/ refolding of aggregated proteins, namely BAG-1 (Rampelt et al. 2012; Bracher and Verghese 2015b; Nillegoda and Bukau 2015) , did not co-localize with HSPA1A or SC35 (Fig. 3c, d) . Targeting of the disaggregase HSPH1 and other components that make up the mammalian disaggregation/ refolding machine to nuclear speckles suggests that this machine may contribute to the recovery of RNA splicing following stress-induced inhibition.
The small heat shock protein HSPB1 (Hsp27) is targeted to stress-sensitive neuronal sites
The small heat shock protein HSPB1 (Hsp27) has been shown to facilitate dissociation of protein aggregates (Mogk et al. 2003; Duennwald et al. 2012; Nillegoda and Bukau 2015) . As shown in Fig. 4a , HSPB1 (Hsp27) co-localized with HSPA1A ( Fig. 4a ) which was targeted to nuclear speckles after heat shock (Fig. 1a) . HSPB1 may enhance the activity of the disaggregation/refolding machine at nuclear speckles following heat shock. In the cytoplasm, HSPB1 co-localized after heat shock with vimentin, a marker of the cytoskeleton (Fig. 4b) . The vimentin cytoskeleton assembles into a cage Fig. 1 HSPA1A (Hsp70-1) and DNAJB1 (Hsp40-1) are targeted to nuclear speckles by heat shock in differentiated human neuronal cells. Differentiated human neuronal SH-SY5Y cells were treated with celastrol and arimoclomol to induce Hsps. a HSPA1A co-localized with the nuclear speckle marker SON after heat shock, confirmed at arrowheads in ImageJ line scan displaying fluorescence intensity across the region indicated by the dotted line. b DNAJB1 co-localized with HSPA1A after heat shock, confirmed at arrowheads in ImageJ line scan. c The nuclear speckle marker SC35 co-localized with DNAJB1 after heat shock (arrowheads in ImageJ line scan). HS heat shock. DAPI staining is used to identify neuronal nuclei (blue). Scale bars represent 5 μm Fig. 2 The class A protein, DNAJA1 (Hsp40-4), also localized to nuclear speckles after heat shock. a DNAJA1 co-localized with DNAJB1 and b the nuclear speckle marker SON (arrowheads in ImageJ line scans). Scale bars represent 5 μm around aggresomes that form in the cell body during times of stress to sequester misfolded, aggregated proteins and reduce their toxicity (Tyedmers et al. 2010 ). HSPB1 may be involved in stabilizing the vimentin cage that forms during thermal stress recovery in the cytoplasm (Tyedmers et al. 2010) .
Constitutively expressed HSPA8 (Hsc70) was also targeted to nuclear speckles with components of the disaggregation/ refolding machine following heat shock Interestingly, HSPA8 also exhibited stress-induced co-localization at nuclear speckles with DNAJB1, DNAJA1, and HSPH1 ( Fig. 5 ; and confirmed by ImageJ line scans), as was observed for HSPA1A. This suggests that constitutive HSPA8 has the potential Fig. 3 Targeting of the disaggregase HSPH1 (Hsp105α) to nuclear speckles following thermal stress. a Co-localization of HSPH1 and HSPA1A after heat shock, confirmed by ImageJ line scans (arrowheads). b HSPH1 and SC35 co-localized after heat shock (arrowheads in ImageJ line scan). c BAG-1 did not co-localize with HSPA1A after heat shock, confirmed by ImageJ line scan. d BAG-1 also did not co-localize with SC35 after heat shock. Scale bars represent 5 μm Fig. 4 The small heat shock protein HSPB1 (Hsp27) is targeted by thermal stress to nuclear and cytoplasmic sites in differentiated human neuronal cells. a HSPB1 co-localized with HSPA1A in the nucleus after heat shock (arrowheads). b HSPB1 co-localized with the vimentin cytoskeleton in the cytoplasm after heat shock (arrow). Co-localization was confirmed by ImageJ line scans shown on the right. Scale bars represent 5 μm to operate in a disaggregation/refolding machine during the recovery of nuclear speckles from thermal stress. Basal levels of DNAJB1, DNAJA1, HSPH1, and HSPA8 are expressed in differentiated human neuronal SH-SY5Y cells (Deane and Brown 2016) . Co-localization of these machine components in differentiated human neuronal SH-SY5Y cells at nuclear speckles following heat shock was also observed in the absence of celastrol and arimoclomol co-application (Fig. 6 ). This observation suggests that neurons have the potential to rapidly assemble a disaggregation/ refolding machine following thermal stress utilizing constitutively expressed HSPA8, without the time lag required for synthesis of stress-inducible HSPA1A.
Discussion
Recent biochemical studies using purified human Hsps have identified a mammalian disaggregation/refolding machine, composed of members of the HSPA (Hsp70), DNAJ (Hsp40), and HSPH (Hsp110) families, that acts to dissociate and refold aggregated proteins in vitro (Rampelt et al. 2012; Gao et al. 2015; Nillegoda and Bukau 2015; Nillegoda et al. 2015) . Novel results are presented in the present report that demonstrate the targeting of members of the mammalian disaggregation/refolding machine to a specific intracellular structure, namely nuclear speckles, following heat shock in differentiated human neuronal SH-SY5Y cells that we have identified as a stress-sensitive neuronal site (Khalouei et al. 2014a; Shorbagi and Brown 2016) . Using immunofluorescent confocal imaging, co-localization at nuclear speckles following thermal stress was observed for the stress-inducible foldase HSPA1A, a class A plus a class B member of the DNAJ holdase family of proteins, namely DNAJA1 and DNAJB1, and the mammalian disaggregase HSPH1. Thermal stress targeting and co-localization at nuclear speckles with components of a disaggregation/ refolding machine was also observed in the present report for the small heat shock protein HSPB1 that has previously been shown to enhance the dissociation of misfolded protein aggregates in vitro (Mogk et al. 2003; Duennwald et al. 2012; Nillegoda and Bukau 2015) .
Nuclear speckles are rich in RNA splicing factors that are sensitive to thermal stress (Lamond and Spector 2003; Spector and Lamond 2011) . RNA splicing is disrupted under conditions of thermal stress and Hsps are required for splicing recovery Fig. 5 Constitutively expressed HSPA8 (Hsc70) targeted nuclear speckles following thermal stress and co-localized with members of the mammalian disaggregation/ refolding machine. a HSPA8 colocalized after heat shock with DNAJB1 at SC35-positive nuclear speckles (arrowheads). b HSPA8 also co-localized with DNAJA1 at SON-positive nuclear speckles (arrowheads). c HSPA8 co-localized with HSPH1 (arrowheads). Scale bars represent 5 μm Lindquist 1986, 1991; Corell and Gross 1992; MarinVinader et al. 2006; Biamonti and Caceres 2009) . Co-localization of components of a mammalian disaggregation/refolding machine at nuclear speckles following heat shock suggests that dissociation of misfolded, aggregated proteins may be required for the recovery of RNA splicing following stress-induced inhibition in human neuronal cells. We have previously shown that HSPApositive nuclear speckles do not co-localize with Sam68, a marker of nuclear stress bodies (Denegri et al. 2001; Biamonti 2004; Khalouei et al. 2014a) .
The present results demonstrate that both DNAJB1, a class B member of the DNAJ family, and DNAJA1, a class A member, co-localized at nuclear speckles following heat shock. The DNAJ family of molecular chaperones delivers substrates to HSPA proteins and stimulates their ATPase activity (Kampinga et al. 2009; Kampinga and Craig 2010; Mattoo and Goloubinoff 2014) . It is divided into classes that differ structurally but contain a characteristic J-domain that defines this family and mediates interactions with HSPA proteins (Kampinga et al. 2009; Kampinga and Craig 2010) . Class A proteins exhibit the greatest degree of similarity with yeast DNAJ proteins while class B proteins lack the zinc finger domain found in class A proteins (Kampinga et al. 2009; Kampinga and Craig 2010) . Nillegoda et al. (2015) have recently shown that efficient dissociation of aggregated proteins by the mammalian disaggregation/refolding machine requires the presence of both a class A and a class B member of the DNAJ family and that DNAJA1 and DNAJB1 are effective partners.
HSPA nucleotide exchange factors (NEFs) in humans fall into families that are structurally and functionally distinct, including the HSPH (Hsp110) family, Bcl2-associated athanogene (BAG) family, and Hsp70 binding protein-type (HSPBP-type) NEFs (Schuermann et al. 2008; Kampinga and Craig 2010; Bracher and Verghese 2015a, b) . The diversity of HSPA NEFs provides functional specificity by linking HSPA members to distinct cellular pathways (Kampinga and Craig 2010; Hageman et al. 2011; Bracher and Verghese 2015a, b) . The present results indicate that HSPH1 co-localized at nuclear speckles with components of the disaggregation/refolding machine following thermal stress, whereas BAG-1 did not. HSPH1 promotes dissociation of both heat and chemically denatured protein aggregates in vitro (Rampelt et al. 2012; Bracher and Verghese 2015b; Fig. 6 In the absence of prior celastrol and arimoclomol treatment, constitutively expressed HSPA8 co-localized with components of the disaggregation/refolding machine after heat shock. Arrowheads indicate co-localization of HSPA8 after heat shock with a DNAJB1, b DNAJA1, and c HSPH1 at nuclear speckles identified by the marker proteins SC35 (a, c) and SON (b). Scale bars represent 5 μm Nillegoda and Bukau 2015) . Furthermore, knockdown of Hsp110 in C. elegans, but not BAG-1, resulted in the persistence of heat shock-induced luciferase aggregates in YFP luciferase-expressing animals (Rampelt et al. 2012 ). Contrary to the dissociation and refolding activity directed by HSPH1, BAG family NEFs promote the degradation of misfolded protein targets by linking HSPA to protein degradation machinery (Bracher and Verghese 2015a) . Co-localization of HSPH1, but not BAG-1, with HSPA1A, DNAJB1, and DNAJA1 at nuclear speckles following thermal stress suggests that disaggregation and refolding of thermally denatured proteins occurs during splicing recovery, rather than protein degradation.
The small heat shock protein HSPB1 is not an essential member of the disaggregation/refolding machine; however, it has been shown to enhance the in vitro activity of the machine (Mogk et al. 2003; Duennwald et al. 2012; Nillegoda and Bukau 2015) . The present results demonstrate targeting of HSPB1 to nuclear speckles and to the vimentin cytoskeleton in the cytoplasm following heat shock. HSPB1 may contribute to splicing recovery by enhancing the ability of the machine to dissociate heat-induced aggregates of nuclear speckle proteins that are sensitive to thermal stress (Lamond and Spector 2003; Spector and Lamond 2011) . Targeting of HSPB1 to the vimentin cytoskeleton after heat shock suggests that it may be involved in stabilization of the "vimentin cage," which sequesters aggregated proteins following cellular stress (Tyedmers et al. 2010 ). Interestingly, a recent literature review aimed at identifying modifiers of proteotoxicity identified small Hsps as modifiers of neuronal proteotoxicity associated with neurodegenerative diseases (Brehme and Voisine 2016) .
The current study revealed that constitutively expressed HSPA8 was also targeted to nuclear speckles following heat shock in differentiated human neuronal SH-SY5Y cells and co-localized with DNAJA1, DNAJB1, and HSPH1. This novel observation suggests that neurons have the potential to rapidly deploy HSPA8 in times of stress to assemble a disaggregation/refolding machine at nuclear speckles, without the time lag required for synthesis of stress-inducible HSPA1A. Previous work in our laboratory has shown that HSPA8 is abundant in mammalian neurons in vivo compared to non-neural tissues and has been proposed to pre-protect neurons from cellular stress (Manzerra et al. 1997; Chen and Brown 2007) . High levels of HSPA8 (Hsc70) in neurons may explain previous observations that neurons are refractory to HSPA (Hsp70) induction following heat shock (Manzerra et al. 1997; Drujan and De Maio 1999; Chow et al. 2010) . Purified HSPA8 act efficiently in vitro as a member of the machine to dissociate α-synuclein amyloid fibrils that form during Parkinson's disease (Gao et al. 2015) . Thus, constitutively expressed HSPA8 could be a key factor in a disaggregation/ refolding machine to combat misfolded, aggregation-prone proteins in human neurodegenerative diseases. Our novel results indicate that members of a mammalian disaggregation/ refolding machine composed of constitutively expressed HSPA8, DNAJB1, DNAJA1, and HSPH1, rapidly co-localize at nuclear speckles during times of stress in differentiated human neurons and may be involved in recovery of RNA splicing from stress-induced inhibition.
